
Both stages r e q u i r e  t h e  use o f  hydrogen a t  moderately h igh  pressures ( 16 MPa). 
The h igh  oxygen content  o f  the low rank coal means t h a t  excessive q u a n t i t i e s  o f  
expensive hydrogen a re  needed t o  conver t  t he  oxygen t o  water, i n  a d d i t i o n  t o  
hydrogen uptake by t h e  coal and bitumen. Although Alber ta  p resen t l y  has ample 
suppl ies o f  na tu ra l  gas f o r  t h i s  purpose. 

E a r l i e r  work3s4s5 has proven t h a t  CO/H 0 i s  more e f f i c i e n t  than hydrogen a t  
s o l u b i l i z a t i o n  o f  coal i n  bitumen a t  t k p e r a t u r e s  below 400'C. More coal i s  
d isso lved and the r e a c t i o n  proceeds much more r a p i d l y .  The water gas shif t .  
r e a c t i o n  does n o t  go t o  completeness du r ing  coal l i q u e f a c t i o n  o r  coprocessing. 
E q u i l i b r i u m  concentrat ions o f  carbon monoxide may exceed 50% w i t h  t h e  b u l k  of  
t h e  remaining gases being carbon d iox ide  and hydrogen. In a commercial opera- 
t i o n  i t  would be necessary t o  remove the carbon d iox ide  and recyc le the uncon- 
ve r ted  carbon monoxide and any produced hydrogen. Th is  present study was 
c a r r i e d  o u t  t o  compare t h e  e f f i c i e n c y  o f  carbon monoxidelhydrogen mixtures w i t h  
pure carbon monoxide f o r  t h e  s o l u b i l i z a t i o n  o f  coal i n  bitumen and t o  es tab l i sh  
t h e  maximum perm i t ted  l i m i t  o f  hydrogen i n  the  recyc le  gas steam. I n  addi t ion,  
simul ated two-stage experiments al lowed a comparison o f  carbon monoxide and 
hydrogen i n  t h e  o v e r a l l  coprocessing operat ion.  

EXPERIMENTAL 

Coprocessing experiments have been performed a t  ARC i n  miniautoclaves, 1 l i t r e  
ba tch  autoclaves, a ho t  charge-discharge u n i t  and a 2 l i t r e / h o u r  bench u n i t .  
Since t h i s  work was r e s t r i c t e d  t o  t h e  batch autoclaves, a b r i e f  desc r ip t i on  o f  
t h e  procedures w i l l  be given. Two modes o f  operat ion were employed: s ing le  
stage and s imulated two-stage. 

I n  t h e  s i n g l e  stage process coal ,  bitumen and an aqueous s o l u t i o n  o f  potassium 
carbonate ( s h i f t  r e a c t i o n  c a t a l y s t )  were loaded i n t o  the autoclave. The auto- 
c l a v e  was charged t o  5.2 MPa (750 p s i )  w i t h  the  gas m ix tu re  and heated t o  run 
temperature a t  about 5'C/minute. Operating cond i t i ons  a r e  l i s t e d  i n  Table 1. 
When the  run  was complete the  reac t i on  m ix tu re  was cooled r a p i d l y  t o  35OOC by 
passing water through an i n t e r n a l  coo l i ng  c o i l .  The gaseous components were 
discharged a t  t h i s  e levated temperature through a condenser immersed i n  i c e  
water. Gas v o l m e  was measured by a d r y  gas meter and i t s  composit ion was 
determined by gas chromatography. The h o t  d ischarge e l im ina ted  foaming 
problems, due t o  d isso lved carbon d iox ide,  which occurred when the  u n i t  was 
depressurized a t  roan temperature. 

In  t he  s imulated two-stage mode the  process i n i t i a l l y  dup l i ca ted  the s ing le 
stage operat ion.  Upon completion o f  t h e  f i r s t  stage a crack ing ca ta l ys t ,  
potassium molybdate/dimethyldisul f i d e  (DMOS), was i n j e c t e d  i n t o  the  autoclave 
through a p o r t  i n  t h e  head. The u n i t  was repressur ized w i t h  hydrogen 8.6 MPa 
!I250 p s i )  and a second hea t i cg  cyc le  was completed. As before the  gases were 
discharged a t  350°C. The condensed o i l s  and water from t h e  two  stages were 
combined p r i o r  t o  product  d i s t i l l a t i o n  w h i l e  t h e  gas samples were analyzed 
i n d i v i d u a l l y .  

A standard l a b o r a t o r y  product  separation procedure was establ ished (Figure 1) 
t o  g i ve  d i s t i l l a b l e  o i l  y i e l d  t o  525OC. p y r i d i n e  so lub le organic mater ia l  and 
i n s o l u b l e  organic ma te r ia l  (IOM) remaining i n  t h e  ash. Coal conversion was 
defined as I n p u t  coal - IOM x 100%. 

I n p u t  coal 
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Properties of Highvale coal and  Athabasca bitumen are  given in Table 2. Both 
single and simul ated two-stage experiments were performed i n  dupl icate.  

RESULTS AND DISCUSSION 

A. Single Stage Experiments 

Coal conversion and product distribution a re  summarized in Table 3 and Figure 
2 .  The coal conversion can be seen to  decline as the carbon monoxide content 
of the in i t i a l  gas mixture was reduced. The pure carbon monoxide was much 
superior t o  the pure hydrogen while 50% carbon monoxide was s t i l l  equal t o  the 
l a t t e r .  These resu l t s  ignore any pressure e f fec ts .  Run pressure was lower a t  
the lower carbon monoxide concentrations since the i n i t i a l  pressure was fixed. 
However, the partial  pressure of the more active gas, carbon monoxide, was no t  
constant. The in i t i a l  pressure in the pure hydrogen r u n  was 8.2 MPa (1200 psi)  
which could explain why i t  gave be t te r  coal conversion than 25% carbon 
monoxide. 

L i t t l e  evidence of upgrading of the coal or bitumen was observed apart  from 
coal solubilization. Hydrocarbon gas and d i s t i l l ab l e  oil yields were constant 
suggesting t h a t  thermal rather than chemical e f fec ts  were responsible f o r  t he i r  
production. The d i s t i l l ab l e  oil yield was essent ia l ly  unchanged from tha t  
derived f r m  the bitumen i n  the feedstock (33%); i e  525t'C conversion was zero. 
The only ineasurable change occurred in the formation of pyridine soluble 
organics, where pure carbon monoxide was most effective.  Pyridine solubles 
declined in parallel with the coal conversion a t  the lower carbon monoxide 
concentrations. This confirmed ea r l i e r  work tha t  showed carbon monoxide was 
more effective than hydrogen f o r  the solubilization of coal below 40OOC due  t o  
the increased reac t iv i ty  of the reducing species produced by the s h i f t  
reaction, compared with molecular hydrogen. 

Carbon monoxide conversion t o  carbon dioxide and hydrogen, varied l i t t l e ,  being 
61 t1% for a l l  experiments except the 25% carbon monoxide run (Table 4 ) .  As 
expccted carbon dioxide production exceeded tha t  of hydrogen in a l l  cases 
a1 though they should be equimolar i f  b o t h  were derived solely from the  s h i f t  
reaction. The coal had  a high oxygen content, p a r t  of which i s  converted 
thermolytical ly to carbon dioxide upon heating. Produced hydrogen was below 
t h a t  expected from the s h i f t  reaction plus tha t  i n i t i a l l y  present; consumption 
ranged from .4 t o  .7 noles per lOOg of feed with a suggestion of a downward 
trend a t  lower carbon monoxide concentrations. 

Hydrogen sulphide production was re la t ive ly  constant a t  0.2% MAF feedstock 
except for the pure hydrogen run where the higher partial  pressure of reducing 
gas may have contributed t o  giving a s l igh t ly  higher value, 0.3%. Thermal 
e f fec ts  again appeared t o  outway chemical e f fec ts .  

Product quality, expressed as elemental analyses was independant of the 
reducing gas composition. Hydrogen t o  carbon ra t ios  were 1.6 fo r  the 
d i s t i l l ab l e  o i l s  and 1.25-1.35 for  the pyridine ex t rac t ,  sulfur was 2.6-2.8% 
and 3.4-4.1% respectively. Approximately 10% of the sulfur in the feedstock 
was converted t o  hydrogen sulfide,  while l i t t l e  or none was present i n  the 
insoluble organic matter and ash. The majority of the i n p u t  sulfur (96%) was 
derived from the bitumen and i t  remained within those fractions where the 
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bitumen products were concentrated, i e .  t he  d i s t i l l a b l e  o i l  and py r id ine  
s o l b l e s .  L i t t l e  o r  no upgrading i n  terms o f  heteroatom removal could be 
a t t r i b u t e d  t o  t h e  carbon monoxide s o l u b i l i z a t i o n  process. 

Simulated d i s t i l l a t i o n s  o f  t h e  d i s t i l l a b l e  o i l s  showed l i t t l e  v a r i a t i o n  (Table 
5 ) .  The naphtha f r a c t i o n  accounted f o r  10% w h i l e  the  medium o i l  f r a c t i o n  
was 55%. Class analyses o f  t he  p y r i d i n e  ex t rac ts ,  i e .  non -vo la t i l e  
hydrocarbon, asphal tenes and preasphal tenes gave i n t e r e s t i n g  r e s u l t s .  The 
hydrocarbon content  decreased as a percentage o f  t he  py r id ine  so lub les as the  
carbon monoxide increased b u t  the mass was r e l a t i v e l y  constant. Asphal tenes 
increased both i n  percentage and absolute terms. This  suggested t h a t  t he  
hydrocarbons requ i red  lower operat ing s e v e r i t y  ( l e s s  carbon monoxide) t o  
s o l u b i l i z e  , increased s e v e r i t y  would r e s u l t  i n  more asphaltenes i n  the  
py r id ine  e x t r a c t .  More experimentation i s  requ i red  t o  con f i rm  t h i s  
observation because o f  t he  h i g h  sca t te r  i n  the  data. 

B. T w  Stage Experiments 

Gas composit ion and conversion were discussed f o r  t he  f i r s t  stage i n  the 
previous section. Consumption o f  hydrogen i n  the  second stage was not  a l t e red  
by the reducing gas used i n  t h e  f i r s t  stage. Hydrogen s u l f i d e  and hydrocarbon 
gas product ion were a l so  constant, once more t h e  r e s u l t  o f  thermoly t ic  reac t i on  
pathways (Table 6 ) .  The d i f f e rence  i n  carbon oxides was q u i t e  marked, a f a c t o r  
o f  10 greater  f o r  t he  carbon monoxide and 3 f o r  t h e  carbon d iox ide  i n  the 
carbon monoxide runs.  It i s  most l i k e l y  t h a t  these gases remained d isso lved i n  
the  bitumen/coal l i q u i d s  when t h e  autoc lave was vented a t  35OOC and were 
subsequently re leased i n  t h e  second stage. 

Product y i e l d s  and d i s t r i b u t i o n  (Table 7 )  were not  a l t e r e d  by t h e  na tu re  o f  the 
reducing gas present  i n  the  f i r s t  stage. Overa l l  coal conversion improved t o  
approximately 90%. A h igh  degree o f  upgrading took place w i t h  no d i f f e rence  
a t t r i b u t a b l e  t o  t h e  improved coal s o l u b i l i z a t i o n  found i n  the  carbon monoxide 
f i r s t  stage. P y r i d i n e  ex t rac tab le  ma te r ia l  dec l ined from almost 60% t o  22% o f  
the product. Most o f  t h i s  ma te r ia l  was converted t o  d i s t i l l a b l e  o i l s .  The 
hydrocarbon gas y i e l d  was high, combined f i r s t  and second stage gas product ion 
being 10%. Conversion o f  t he  525t"C mate r ia l  was 63% i n  both experimental 
modes. 

CONCLUSIONS 

Carbon monoxide was super ior  t o  hydrogen f o r  the s o l u b i l i z a t i o n  o f  coal i n  
bitumen a t  temperatures below 40OoC. However, i t  prov ided no b e n e f i t  i n  a two 
stage process i n  terms o f  coal conversion, 525tOC conversion, and product 
q u a l i t y .  It does o f f e r  some p o t e n t i a l  economic b e n e f i t s  s ince lower 
temperatures can be employed i n  the f i r s t  stage. 

Coal s o l u b i l i z a t i o n  could s t i l l  approach 80% i f  the  carbon monoxide stream 
contained hydrogen. Up t o  25% hydrogen could be t o l e r a t e d  be fo re  a s i g n i f i c a n t  
reduct ion i n  s o l u b i l i z a t i o n  was observed. I f  the syngas mixtures func t i on  as 
r a p i d l y  as the  pu re  carbon monoxide, then process improvements over pure 
hydrogen would i n c l u d e  reduced f i r s t  stage residence t ime and thus a smaller 
reac t i on  vessel. 

310 



REFERENCES 

1. B. Ignasiak, L. Lewkowicz, G. Kovacik, T. Ohuchi and M. P. du Plessis,  
Two-stage Subbituminous Coal/Bitumen L iquefac t ion  Process i n  Cata lys is  on 
t h e  Energy Scene, pp 593-600, E lsev ie r ,  Amsterdam, 1984. 

2. 8. Ignasiak,  G. Kovacik, T. Ohuchi, L. Lewkowicz and M. P du P less is ,  
Two-stage L i q u e f a c t i o n  o f  Subbituminous A l b e r t a  Coals i n  Non-Donor Meeting, 
November. 1984, Calgary, Alberta.  

3. P. Clark,  B. Ignasiak,  G. Kovacik and T. Ohuchi, L i q u e f a c t i o n  o f  A lber ta  
Subbituminous Coals i n  O i l  Sands Bitumen w i t h  e i t h e r  CO/H 0 o r  H Reducing 
Gas Atmospheres, presented a t  t h e  A1 t e r n a t i v e  Energy B u r c e s  9 t h  Miami 
I n t e r n a t i o n a l  Conference, December 1985, Miami Beach, F l o r i d a .  

4. E. Sondreal, C. Knudson, J. S c h i l l e r  and T. May, Developnent o f  the  
Co-Steam Process f o r  L iquefac t ion  o f  L i g n i t e  and Western Subbituminous 
Coals, presented a t  L i g n i t e  Symposium, May, 1977, Grand Forks, North 
Dakota. 

5. C. Knudson, W. Wi l l son  and G. Baker, Hydrogen-Carbon Monoxide Reactions i n  
Low-Rank Coal L iquefac t ion ,  p r e p r i n t s  American Chem. SOC., D i v .  Fuel 
Chemistry, Vol. 26, No. 1, 1981. 

Table 1 

Operating Condit ions 

1 s t  Stage 2nd Stage 

CO/H2 o r  H2 H2 Gas 

Pressure (MPa) 5.2 o r  8.2 8.5 
i n i  ti a1 
r e a c t i o n  15.6-20.7 15.3-19.0 

Temperature ( OC) 390 440 

Reaction t ime (min.) 30 60 

Feed Highvale Coal/ non d i s t i l l a b l e s  from 
I 

Athabasca Bitumen Stage I 
R a t i o  1:2.5 

C a t a l y s t  K2C03 K2Mo04/DMDS 
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Table 2 

P roper t i es  o f  Feedstocks 

Highvale Coal Athabasca Bitumen 

Moisture 
Ash ( a s  i s )  

Carbon 
Hydrogen 
Ni t rogen 
Sul phur 
Oxygen 

6.4% 
13.5 

75.0 
4.3 
1.1 
0.2 

19.3 

82 .OX 
10.6 
0.6 
4.5 
2.3 

D i s t i l  l ab les  (525OC) N/A 46 

P y r i d i n e  Sol ub l  e s  N/A 54 

Resins 48 
- Hydrocarbons 29 

Asphal tenes 23 

by d i f f e rence  

Table 3 

Coal Conversion and Product D i s t r i b u t i o n  - 
S ing le  Stage Experiments 

Carbon Monoxide Concentrat ion (%) 100 87 75 50 25 O1 

Coal Conversion (% MAF coa l )  85 76 75 65 47 65 

Product O is t r i bu t i on (g / lOO g MAF feed) 

Hydrocarbon gases (Cl-c5) 1 1 1 1 1 1 

D i s t i l l a b l e  O i l s  (up t o  525OC) 31 32 32 32 32 31 

P y r i d i n e  Soluble Organics 57 54 51 50 47 53 

1 

I n i t i a l  pressure 8.2 MPa (1200 p s i )  
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Table 4 

Gas Production and Consumption 

loo1 87 75 50 25 O1 Carbon Monoxide Content 

C O  conversion % 62 63 60 62 44 

Gas Production (moles) 

Carbon d iox ide  1.26 1.06 1.00 .62 .36 .ll 

Carbon monoxide -.97 -.86 -.67 -.49 -.18 - 
Hydrogen -52 -56 .48 -46 -36 -.25 

Hydrogen S u l f i d e  .013 .011 .009 .009 .009 .017 

from 1st stage o f  2 stage experiments 

Table 5 

Product  Q u a l i t i e s  - S ing le  Stage Experiments 

Carbon Monoxide % 1001 87 75 50 25 

A. D i s t i l l a b l e  O i l 2  
Naphtha 
l i g h t  gas o i l  
heavy gas o i l  
sul f u r  
hydrogen :carbon 

E. Pyr id ine  E x t r a c t  

hydrogen :c arbon 
n i t rogen  
s u l f u r  

. Class Analysis 

hydrocarbons 
asphal tenes 
preasphal tenes 

9 7 101 111 
55 54 58 60 
36 39 32 29 

2.6 2.6 2.7 2.7 2.8 
1.65 1.6 1.6 1.6 1.6 

1.35 1.3 1.25 1.25 1.25 
2.3 1.6 1.2 1.1 1.3 
3.4 3.8 4.1 3.7 4.0 

49 45 611 60 
43 50 31 31 
8 5 7 9 

1 s ing le  ana lys i s  
a l l  percent except hydrogen t o  carbon r a t i o  
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Table 6 

Gas Product ion - Simulated Two-Stage, 2nd stage 

Carbon d i o x i d e  4.3 1.4 

Carbon monoxide 2.0 0.22 

Hydrogen su lph ide  2.0 2.1 

tlydrocarbons (Cl-c5) 

Hydrogen consumption 

11.1 9.8 

2.8 2.8 

grams gas 

Table 7 

Coal Conversion and Product D i s t r i b u t i o n  (Two-stage) 

F i r s t  Stage Gas Carbon Monoxide Hydrogen 

Coal Conversion ( % )  91 88 

Product O i  s t r i b u t i o n  (g/lOOg feedstock) 

Hydrocarbon Gas 1 s t  stage 2 2 

2nd stage a 8 

D i s t i l l a b l e  O i l  66 64 

P y r i d i n e  Ex t r a c t s  22 22 

I n s o l u b l e  Organics 3 4 

Mass Balance (%)  

Overa l l  98 95 

Ash 104 110 

Hydrocarbons 90 89 
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Analysis p r f o n e d  

gases 
n t c r  
di*til lablc 0111: 

I.SidYc 
p*idi"e extr.ct: 

I I 
disti l lable o i l s  no" distil lables 
G25.C 

pyridine 
catract 

pyridine residue 
S o l ~ l e s  

lash + I(*) 

Figure 2: Copmessing Pmduct Yields as a Function o f  Reducing Gas Cmpwition 

Carbon 1 I O ~ x i d e  (Volur I) 
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